Abstract. Management of active pharmaceutical ingredients (API) in the environment is challenging because these substances represent a large and diverse group of compounds. Advanced wastewater treatment technologies that can remove API tend to be costly. Because of the potential resources required to address API in the environment, there is a need to establish environmental benchmarks that can serve as targets for treatment and release. To date, there are several different approaches that have been taken to derive human health toxicity values for API. These methods include traditional risk assessment approaches that calculate Bsafe^doses using experimental data and uncertainty (safety) factors; point of departure (POD), which starts from a therapeutic human dose and applies uncertainty factors; and threshold of toxicological concern (TTC), a generic approach that establishes threshold values across broad classes of chemicals based on chemical structure. To evaluate the use of these approaches, each of these methods was applied to three API commonly encountered in the environment: acetaminophen, caffeine, and chlorpromazine. The results indicate that the various methods of estimating toxicity values produce highly varying doses. Associated doses are well below typical intakes, or toxicity thresholds cannot be derived due to a lack of information. No uniform approach can be applied to establishing thresholds for multiple substances. Rather, an individualized approach will need to be applied to each target API.
INTRODUCTION
In 1999, Daughton and Ternes identified risks associated with a group of nonconventional environmental pollutants derived from personal care products, human and veterinary pharmaceuticals, Bnutraceuticals,^fragrances, sunscreens, and numerous others, along with their metabolites and transformation products. They termed this diverse group of substances pharmaceuticals and personal care products, or PPCPs (1) .
For decades, health-based limits through both airborne and direct contact routes of exposure have been derived specifically to protect workers in the pharmaceutical industry (2) . Over the past 15 years, interest in PPCP exposure to the general public through environmental releases has expanded rapidly. A 2000 United States Geological Survey (USGS) study (3) called public attention to the issue of drugs and hormones in the environment with a landmark survey that identified wastewater contaminants in 80% of sampled stream sites. A companion study identified these types of contaminants in 81% of sampled groundwater sites in 18 states (4) . In 2010, the New York City Department of Environmental Protection evaluated the occurrence of PPCPs in the city's water supply source waters and detected 14 of 72 targeted compounds (5) . Concern is increasing globally, and the International Society of Doctors for the Environment has proposed BEnvironmentally persistent pharmaceutical pollutants^as an Emerging Policy Issue under the Strategic Approach to International Chemicals Management (6) . In response, the German Federal Environment Agency has launched a multi-national research project; preliminary data indicate that PPCPs are found in all five global regions (56 countries) in surface water, groundwater, and drinking water (7) . The updated United States Environmental Protection Agency (US EPA) database of PPCP-related information contains nearly 20,000 citations (8) . In 2012, based on growing concerns about pharmaceuticals in drinking water, several US agencies signed a Memorandum of Understanding to collaborate and facilitate research on identifying chemicals for regulation under the Safe Drinking Water Act (9) .
The US EPA has identified numerous pathways through which PPCPs and associated active pharmaceutical ingredients (API) are released to the environment, including usage and disposal by individuals, release of hospital wastes to sewage systems, private septic/leach fields, transfer of sewage solids to land, direct releases to open water (bathing, swimming, or aquaculture), industrial/manufacturing waste streams, and disposal to landfills (10) . Wastewater treatment plants (via both effluent and sludge) have been identified as the primary release sources to the environment, as human excretion following therapeutic use is considered the principal pathway (11) . However, conventional wastewater treatment, which relies on activated sludge, has variable and limited ability to remove these substances (12) .
The management of API is challenging because these substances represent such a large and diverse group of compounds, the vast majority of which are approved for use and provide some benefit through usage to select populations for whom they are designated or prescribed. Efforts to reduce quantities of API manufactured and released through decreased usage Bstewardship^efforts date back over a decade (13) , and include a recent framework to influence prescribing practices by classifying API according to potential environmental persistence (14) . However, over 10,000 prescription and over-the-counter pharmaceuticals are approved for usage (12) , and this number excludes countless additional API in consumer and personal care products. Therefore, it is unlikely that release of API into the environment can be addressed solely via pollution prevention practices.
Advanced wastewater treatment technologies that can remove API tend to be costly. Effective treatment technologies, such as granular activated carbon (GAC), powdered activated carbon (PAC), reverse osmosis (RO), membrane bioreactor (MBR), ozonation, and nanofiltration, tend to be expensive in comparison or in addition to commonly used treatment processes (15) , increasing treatment costs by anywhere from 1.4-to 6-or even 10-fold (ultraviolet filtration and reverse osmosis being the most costly; Menon, Rohan. Conversation with Tamara Sorell, 2015 Feb 13). In addition, combined sewer overflows (CSOs), which bypass treatment and discharge raw sewage to waterways, remain a large problem in urban areas. The cost of abating CSO pollution nationwide in the USA has been estimated in the tens of billions of dollars (16). Even characterization is expensive: the cost to analyze a sample for API can be as high as $1000 (17) .
Because of the potential resources required to address API in the environment, there is a need to establish environmental thresholds that can serve as targets for treatment and release. There are multiple endpoints of concern, including general human toxicity, human carcinogenicity, ecological toxicity, endocrine disruption, and antibiotic resistance. In the interest of narrowing a very large field of study, this evaluation focuses on human health noncarcinogenic toxic effects.
Regulatory Drivers
A number of investigators have developed screening approaches to setting human health toxicity values for API, but there is little precedent for establishing formal sets of regulatory guidelines. One exception is Australia, which has developed recycled water drinking water-based guidelines (ranging from 0.35 to 1050 μg/L) that include chemicals classified as fragrances, antibiotics, non-steroidal anti-inflammatories, β-adrenergic blockers, estrogenic hormones, and general pharmaceuticals (18) . The Netherlands has recently proposed surface water quality standards for four pharmaceuticals, considering the human health endpoints of use as a water supply and fish ingestion (19) . New York State regulates organic compounds under the generic standards for principal organic contaminants (50 μg/L for any single unspecified organic contaminant) (20). In the USA, the US EPA's Contaminant Candidate List 3 (CCL 3) is a list of contaminants that are known or anticipated to occur in public water systems and may require regulation in the future based on potential human health risk in drinking water (21). The CCL 3, released in 2009, includes nine hormones and one antibiotic (22) . The draft CCL 4 list, released in February 2015, contains 20 chemicals that are pharmaceutical ingredients or involved in the production or formulation of PPCP products (23). While promulgation of US Federal drinking water standards in the near future is not expected, guidance values often serve as important precursors and may drive policy. For example, the US EPA has developed screening benchmarks for pesticide exposure (24) . In 2013, the European Union added three pharmaceutical compounds to the Bwatch list^of emerging pollutants that could one day be placed on the priority list (25) . These kinds of non-enforceable benchmarks can serve as precursors to regulatory standards.
Approaches to Setting Human Health Toxicity Values
The toxicity evaluation approaches identified to date have been useful in classifying API and generally characterizing the overall potential human health impacts of PPCPs in the environment. Most investigators have focused on comparing detected or modeled environmental concentrations or intakes to conservative health-based concentrations. These methods have largely been intended as screening tools, overly protective with a large margin of safety. The benchmarks developed have provided insight into ranking API for environmental significance and guiding further study, but are not necessarily appropriate for developing regulatory limits. This paper describes the principal toxicity value-setting methods and illustrates how they might be used to derive limits for selected API. The principal methods used to date are described, and three API are evaluated using these various approaches to explore suitability for use in regulatory limit development.
Environmental concentrations in various media (soil, sediment, sludge, wastewater, etc.) that may correspond to a given human dose depend on a range of exposure and environmental transport variables (such as vegetative uptake, degradation, and amenability to treatment) that will vary depending on the setting and exposure scenario. For purposes of consistency, this paper describes exposures in terms of a standardized unit of dose measurement (mg/kg-day). Drinking water equivalents are also provided.
TOXICITY VALUE DEVELOPMENT METHODS
A variety of methods have been used by investigators to establish health-based values for API. In many cases, there is overlap in terminology. For example, Bacceptable daily intakesĥ ave been derived from different methodologies, and any of several doses may serve as the Bpoint of departure.^Margins of exposure (MOEs) and predicted no-effect concentrations (PNECs) are similar concepts describing safe doses extrapolated from observed effects. The distinctions below are made simply to describe the principal approaches for further assessment.
Acceptable Daily Intake
The acceptable daily intake (ADI) is the identified amount of a chemical to which a person can be exposed on a daily basis over an extended period of time (usually a lifetime) without suffering a deleterious effect. ADIs for use in risk assessments are derived from no observed adverse effect levels (NOAELs) from human or animal studies, to which various safety factors are added. Safety factors, typically each a multiple of 10, account for uncertainties from animal-to-human extrapolation, susceptibility of sensitive individuals, subchronic-to-chronic exposure extrapolation, and underlying data deficiencies (26) . As a practical matter, therefore, the layering of safety factors can result in ADIs well below thresholds for adverse effects, in some cases by orders of magnitude.
Reference Dose
The reference dose (RfD) is an adaptation of the ADI used by the US EPA and serves as the principal risk assessment toxicity tool for evaluating toxic effects other than cancer and mutagenicity. The uncertainty factors (UFs) used by the US EPA in developing RfDs are 10-fold to extrapolate from a lowest observed adverse effect level (LOAEL) to a NOAEL; 10-fold to extrapolate from animal to human data, 10-fold to extrapolate from subchronic to chronic results; and 10-fold to protect sensitive human populations (26) . The RfD approach also provides for an additional modifying factor (MF) in addition to uncertainty factors to address the identified uncertainties and deficiencies in ADIs, such as failure to consider the shape of the dose-response curve, selection of the appropriate adverse endpoint, and the strength of the underlying study, particularly the number of exposed individuals. The US EPA also provides a confidence (high, medium, or low) the evaluators have in the RfD and its likelihood to prevail in the future (26) . Despite a more rigorous review of the data compared to the ADI, the RfD process is still very conservative and results in doses that may be many times below actual levels of concern. Conservatism is useful in screening and for ensuring protectiveness, but can present a challenge in risk management. In some cases, conservatively derived concentrations may be overprotective, resulting concentrations that are difficult or expensive to detect analytically, cannot be environmentally achieved, are based on intakes well below typical or voluntary exposures, or are otherwise unreasonably low.
Clinical Point of Departure
The term Bpoint of departure^(POD) is used in the literature to define initial doses from various sources, including NOAELs or LOAELs as part RfD approaches. Rather than starting from a NOAEL (typically in an animal model), some investigators have estimated ADIs, MOEs, or PNECs starting with a pharmaceutical agent's therapeutic dose, or in some cases information from preclinical toxicology studies (27) (28) (29) . This POD is then divided by the same safety factors used in the RfD process. Schwab et al. (30) developed a series of five uncertainty factors (UFs), to adjust for lowest to no-effect levels, exposure duration, inter-species extrapolation, individual sensitivity, and data quality. As applied, these UFs do not generally amount to a scaling of dose as high as with the RfD approach, but can in some cases be over 1000 or more (27) .
To distinguish approaches, in this paper, the term BPODâ pplies specifically to clinical doses.
Threshold of Toxicological Concern
The threshold of toxicological concern (TTC) is a method of deriving generic ambient concentrations or intakes associated with negligible risk in the absence of toxicological data. This approach has been used to assess the confidence rating to the risks associated with low-level substances in the diet (31, 32) , drinking water (33) , and metabolites of plant protection products (pesticides) (34) . It is equivalent to the threshold of regulation policy used by the US Food and Drug Administration (FDA) to establish a general food additive safety threshold of 0.5 parts per billion (ppb) (35). TTCs are generic concentrations based on toxicological information for broad categories of compounds, but can be tiered to account for varying chemical and toxicological properties (36) . BCramer^potency classes (37) have been used to classify organic chemicals based on structure progressing from a category with minimal potential for toxicity (class I) to compounds with structural features that do not allow a presumption of safety (class III) (34) .
There are other methods of deriving toxicity values that do not fit neatly into one of the three major approaches summarized above. The Minnesota Department of Health (MDH), for example (38) , describes 10 approaches, three of which they identify as applicable to noncarcinogenic effects of pharmaceuticals: TTC, lowest therapeutic dose approach (equivalent to the POD approach described above), and percentile approach (a generic method that develops generic advisory criteria). MDH has identified additional methods that may apply to non-pharmaceutical emerging contaminants of concern and to genotoxic and carcinogenic endpoints. As indicated above, this paper does not address those endpoints.
Of the universe of potential toxicity value derivation approaches, three of the prominent methods have been selected for further evaluation in this paper: Toxicity values derived using these three approaches have been applied to the selected API as a tool to assess the utility and outcomes of the different methods.
SELECTION OF API FOR EVALUATION
For illustrative purposes, three API have been selected to represent a range of potential PPCP constituents. While there are risks and benefits associated with each API, they are intended to reflect a broad range of potential toxicity and usage. These API are then evaluated using the three identified approaches to derive toxicity values.
(1) Acetaminophen: Acetaminophen is the most commonly used pain reliever in the USA (39) and is a component of numerous over-the-counter (OTC) medications. It is the active ingredient in Tylenol ® . Due to its excellent safety profile and lack of significant side effects, it is the most widely prescribed analgesic agent in pediatric practice (40) . This API is to represent a pharmaceutical that is generally considered safe at appropriate doses for virtually the entire population. However, liver toxicity at therapeutic dose has been reported (41) . (2) Chlorpromazine: Chlorpromazine, marketed in the USA as Thorazine, is a psychotropic medication. Although commonly prescribed worldwide and listed as an essential drug by the World Health Organization (42), chlorpromazine has serious and potentially irreversible side effects at therapeutic doses. Chlorpromazine is included here to represent a potentially hazardous pharmaceutical that has serious and idiosyncratic side effects, such as the neurological condition tardive dyskinesia (43) . (3) Caffeine: Caffeine (1,3,7-trimethylxanthine) occurs naturally in popular foods and beverages (such as coffee, tea, and chocolate) and is also a common food and medication additive. Over 60% of soft drinks sold in the USA contain caffeine (44) . Caffeine is included to represent a substance that is widely ingested on a dietary basis.
The following section applies the three approaches for estimating toxicity values for each of these three API. The resulting toxicity values are summarized in Table I .
API EVALUATIONS Acetaminophen
RfD. Acetaminophen has been studied in various animal models. Studies have reported chronic NOAELs in rats (200 mg/day for 28 weeks), as well as in rats, rabbits and dogs (50 to 400 mg/day for 13 to 40 weeks). A dose of 300 mg/kg-day for 32 weeks produced renal lesions in rats with induced renal infection (but not in healthy rats) (45) . From this LOAEL, default US EPA UFs of 10 for LOAEL to NOAEL, 10 for interspecies extrapolation, and 10 for sensitive individuals would be applied. The derived RfD is 0.3 mg/kg-day. Using the NOAEL of 400 mg/kg-day and UFs of 10 for inter-species extrapolation, and 10 for sensitive individuals produces an RfD approximately an order of magnitude higher (4 mg/kg-day).
Using human data, MDH (48) derived a lower chronic RfD (0.093 mg/kg-day) for acetaminophen based on a POD (therapeutic dose) of 27.8 mg/kg-day and 70 kg body weight. MDH defined this dose (1950 mg/day) as the LOAEL based on increased serum liver enzymes, identified by McNeil in the Tylenol ® product information (42) . MDH then applied a final UF of 300 (MDH cites UFs of 10 for intra-species variability, 3 for use of minimal LOAEL, 3 for use of subchronic human data for chronic duration, and 3 for database uncertainty). The European Agency for Veterinary Medicinal Products (EMEA) (55) used the lowest observed effect level (LOEL) of 5 mg/kg-day in infants with a safety factor of 100 to derive a human health ADI of 0.05 mg/kg-day. Note that this LOEL is below the required therapeutic dose (for any age), and therefore, this approach is equivalent to an RfD approach rather than a clinical POD approach that starts with the therapeutic dose. The EMEA ADI was adopted by Australia in setting water guidelines.
POD. The minimum therapeutic total daily dose for infants is 10 mg/kg (10 mg/kg-day) (56) 
Chlorpromazine
RfD. Given how widely used chlorpromazine is, there is surprisingly little information in the literature on toxicity. Generally, this class of drugs (phenothiazines) has a high therapeutic index (indicating a large ratio between the toxic and pharmacological doses). The most dangerous toxic effects are related to hypersensitivity reactions (58) , which cannot typically be evaluated on a dose-response basis. In fact, these drugs show a rather flat dose-response curve.
Side effects of chlorpromazine have been documented for well over 50 years (43) . Some of these effects, such as dry mouth, could be viewed as relatively mild. However, chlorpromazine use is also associated with serious side effects at therapeutic doses. One of the most severe and disabling, tardive dyskinesia, is characterized by involuntary hyperkinetic movements, and may be irreversible. The risk of this disorder is dose dependent in the sense that it increases with duration of use, but there is considerable latency of onset as well as variable individual susceptibility, affecting an estimated one third of patients chronically exposed to anti-psychotic medications (59) . Some attempts have been made to identify suitable animal models for studying tardive dyskinesia (59), but no toxicity values have been identified. Overall, it is not possible to derive a reliable RfD for this API. This conclusion was also reached by the European Agency for the Evaluation of Medicinal Products, which cited Bthe lack of relevant toxicological data, the longterm persistence of chlorpromazine in humans, and the probability that even small doses can cause behavioural change9 (60) . These observations regarding toxicity indicate that if environmental concentrations of chlorpromazine are in fact determined to be of concern, derivation of an RfD would be important.
POD. A precise dose-response curve for chlorpromazine has not been established, so doses vary. The recommended starting dose for a pediatric patient is approximately 0.55 mg/kg every 4 to 6 h (2.2 mg/kg-day for four doses); use of a 10-mg tablet four times a day in a 70-kg adult would be 0.5 mg/kg-day, although many regimens go far higher in all age groups (61) . The onset of tardive dyskinesia is most commonly related to prolonged exposure and higher doses of anti-psychotic drugs, but it has been documented after brief treatment exposures at low doses (61) . Because of the potential serious and irreversible nature of chlorpromazine's side effects at clinical doses, a POD approach that assumes safety at some identified fraction of the clinical dose cannot be determined, and may not be appropriate. 
Caffeine
RfD. Nawrot et al. (51) reviewed the literature on caffeine toxicity and recommended daily intake limits. Using the RfD approach and the LOAEL of 2.5 mg/kg-day, this dose could be considered an acute LOAEL, and the following UFs would apply: 10 to extrapolate from acute to subchronic exposure, 10 to extrapolate from subchronic to chronic exposure, and 10 to protect sensitive individuals (assuming an additional modifying factor of 3 was not added). The final RfD would be 0.0025 mg/kg-day, a very small dose in the same range as RfDs for known toxicants such as hexavalent chromium and potassium cyanide (54). For a 10-kg child, this dose is the quantity of caffeine in 1/50th of a milliliter (mL) of cola (based on the content of Coca-Cola, 35 mg per 12 fl oz).
Subchronic exposure data in rats indicate that exposure to approximately 40 mg/kg-day in drinking water for 40 days had slight anorectic effects, especially in females, manifested as decreased consumption of sweet and salty snack foods (53) . Using this dose as a chronic LOAEL, UFs of 10 for inter-species variability, 10 from subchronic to chronic, 10 from the LOAEL to the NOAEL, and 10 for sensitive individuals produces an RfD of 0.004 mg/kg-day. The toxicity value derived this way is similar to the RfD based on human data.
POD.
Caffeine is added to numerous over-the-counter (OTC) medications as a headache remedy, up to 65 mg per tablet (62) . The therapeutic POD would be the typical adult dose (two tablets) from these formulations, 130 mg (doses somewhat higher are found in formulations intended for stimulant effects; these are not considered here). Applying UFs based on Schwab et al.'s framework (30), 3 for NOAEL, 3 for exposure duration, 1 for species, 3 for individual sensitivity, and 1 for data quality, yields a total UF of 27. As indicated above, this UF is the same that the authors derived for relatively safe over-the-counter medications such as acetaminophen and ibuprofen. The final ADI using this approach and a body weight of 80 kg is 0.06 mg/kg-day. This dose is equivalent to under 2 fl oz of cola.
TTC. The Australian drinking water guideline for caffeine is based on the TTC approach and has identified a threshold of 0.0015 mg/kg-day (18) . This TTC includes a safety factor of 1500 for substances classified as Bthreshold compounds^using a Cramer classification of III. If caffeine were classified as a Cramer II based on relatively little evidence of toxicity, the TTC would be higher (0.009 mg/kg-day) but still a very small fraction of the typical daily US intake of 300 mg (63) or 3.75 mg/kg-day for an 80-kg person.
DISCUSSION

Evaluation of Approaches
The evaluation of just three API clearly demonstrates that different approaches to setting human health-based toxicity values produce widely varying doses. Because of these ranges, any specific method could produce a toxicity value that is useful for screening but not necessarily reflective of actual risk, most likely in the direction of being overly conservative.
For acetaminophen, the POD approach produces the highest toxicity value of the three approaches described here. Given acetaminophen's excellent safety profile, this dose is potentially the most reasonable, but is still well below the level voluntarily ingested by millions of people. For caffeine, the POD method also derives the highest dose, which is clearly a very trace dose compared with typical voluntary ingestion rates.
Neither result produces a dose that is necessarily a reasonable basis for environmental management, primarily due to high UFs. In evaluating risks of pharmaceutical exposure to workers, lower UFs have been applied. However, these UFs do not consider sensitive subgroups that could be impacted by widespread environmental presence (2) .
The POD approach has some similar limitations as the RfD approach, both of which assume that some fraction of a known dose poses no risk of adverse effects. Uncertainties have been handled through the application of multiple UFs, totaling as much as 1000. While these high safety factors are likely to produce safe doses for screening, they generate low doses that have little practical meaning for risk management decisions. For example, Cunningham et al. (27) have identified an ADI for oncology drugs of 2.1E−06 mg/kg-day. Using the standard assumptions for developing drinking water limits (US EPA estimates for body weight and water intake, currently 80 kg and 2.5 L per day (54)) and a relative source concentration (RSC) of 0.2, this dose equates to a water concentration of 0.000013 mg/L (13 ng/L). This level is likely to be detectable with current analytical methods for most compounds (see, for example, Furlong et al. (64)). However, regulating to trace concentrations may nonetheless present risk management challenges when broadly applied. Chlorpromazine represents the other end of the spectrum of API: a drug generally used to treat serious medical conditions and associated with potentially unacceptable side effects at some unknown dose. There is insufficient information in the literature to support the estimation of an RfD for this drug. The absence of systematic studies for chlorpromazine may be due in part to the fact that this drug has been in use for over a half century; the availability of extensive human data reduces medical interest in animal models. Regardless, the idiosyncratic nature of the side effects and lack of appropriate animal models preclude the use of an RfD approach. Suitable data for an RfD approach may be similarly unavailable for many pharmaceuticals that have not been studied with the express purpose of identifying no-effect doses.
For API with potentially high toxicity, the TTC approach, although intended as a preliminary risk characterization step (49) , offers a mechanism to identify de minimis levels of potentially highly toxic constituents. The proposed threshold doses for cytotoxic drugs are obviously very small, and environmental concentrations associated with this level of exposure and may present analytical challenges. Thus, this type of theoretical safe dose does not provide much input into environmental risk management, other than that any detectable quantity would be considered unacceptable. Thus, regulated final concentrations would functionally become reporting limits, which can provide a basis for guidance and regulation but are not very specific. As an alternative, Bupstream^concentrations (such as in effluent) could be combined with modeling to predict final trace concentrations at receptor locations of concern.
Using a combined approach to identify toxicity values is challenging but possible. In developing recycled water quality guidelines, the Australian Natural Resource Management Ministerial Council (18) has applied a variety of approaches for individual substances, including generic thresholds based on Cramer classification, therapeutic doses, and NOAELs. Thus, these guidance values are derived using all three of the basic methods described in this paper. However, the Council also states that for certain highly toxic substances, individual risk assessments are required. The Council has relied to the extent possible on values published by other agencies, an approach that, if widely adopted, may eventually lead to a consensus regarding safe thresholds.
The Netherlands (19) also considered a variety of endpoints in the process of developing recommended surface water standards for four pharmaceuticals, including therapeutic dose, LOAEL/NOAEL, and epidemiologic data. Ultimately, ecological and not human health endpoints were used to recommended standards for three of these four compounds. The fourth had insufficient data and no recommendation was made. Absence of adequate toxicological information may limit development of toxicity factors for some API, and additional research may be required.
The evaluation of certain API is also complicated by beneficial effects. Daily acetaminophen use for 5 years or more has been reported to reduce the risk of prostate cancer, the second leading cancer type in men, by 38% (65) . Caffeine also has documented beneficial effects, such as increased attentionrelated performance, which has also been observed at doses in children similar to those associated with anxiety (51) . A chronic drinking water caffeine exposure study in rats, starting early in life, demonstrated the prevention of aging-related cognitive decline at doses in the range of 5 mg/kg-day (66) , comparable to the POD-derived toxicity value derived above. These observations go beyond hormesis, in which beneficial effects are observed at doses below which toxicity begins to emerge; rather, they indicate that certain API, including those commonly observed in the environment, may exert both positive and negative biological effects in the same dose range. Verherk (67) has illustrated this concept in describing risk analysis for four vitamins and minerals. Dosages of these supplements that are beneficial to a majority of people overlap with dosages that cause adverse effects on sensitive segments of the population. Thus, from a public health standpoint, it may be difficult to establish a meaningful health-based toxicity value for compounds that have beneficial effects.
It is not suggested here that involuntary environmental exposure to caffeine or any substance is desirable or should be disregarded as trivial. However, the Centers for Disease Control has estimated that humans are exposed to thousands of chemicals in the environment (68) , through a multitude of pathways. The societal costs associated with managing API releases, such as widespread application of high-end treatment technologies, are potentially very large. There are also political and logistical barriers. These costs must be considered in the context of ubiquitous chemical exposures from all sources and meaningful estimates of risk reduction.
Broader Context
The evaluation presented here addresses only a single endpoint associated with API in the environment, namely human health noncarcinogenic toxic effects. Boxall et al. (69) used a Bkey question^approach to identify the priorities associated with PPCPs (API) in the environment. The top three issues were the significance of PPCP biological impacts in the natural environment relative to other chemical and nonchemical stressors; prioritization approaches for research; and the potential for the creation of antimicrobial-resistant organisms. Even within the realm of human health effects, endpoints of concern such as endocrine disruption and antibiotic resistance are not addressed by the methods considered in this review. The limitations of the evaluation presented here reflect the enormous complexity of this issue.
Of additional and even greater concern than human health endpoints are the ecotoxicological impacts, given that API tend to be released to the aquatic environment and are Bcaptive to continual life-cycle, multigenerational exposure (1).^However, this concern does not necessarily mean that perceptions of human health risk will not ultimately drive API release regulation. BOutrage^(defined as Ball the things that people are worried about that the experts ignore^) has been responsible for most of the environmental laws over the past few decades (70) , and outrage is commonly associated with public fears related to health. Thus, it is foreseeable that the identification of appropriate thresholds for human health may become critical in future policy regarding API even though ecological thresholds may be far lower. Furthermore, there are environmental pathways of exposure to API such as groundwater use and agricultural contamination from sewage sludge (71) that may primarily affect humans. For these reasons, it is important to develop reliable methods for setting human health as well as ecological thresholds.
The potential costs of managing API are very high and will likely be borne by taxpayers. To make appropriate costbenefit decisions as API move into the regulatory arena, doses and associated concentrations must be reasonable and attainable. Environmental standards and guidance values have generally been based on estimates of safe concentrations that are developed with large margins of safety (such as the RfD approach), or assuming infinitesimal cancer risks that are indistinguishable from background and are arbitrary in origin (72) . The highly conservative nature of these thresholds, especially for organic compounds, is based in a large part on the premise that the chemicals under consideration are hazardous constituents that serve no beneficial exposure purpose and to which humans are involuntarily exposed. In fact, the current risk human health framework originated in 1984 with the Superfund Public Health Evaluation Manual, which was developed to address exposure to toxic contaminants released from hazardous waste sites (73) . This document was the precursor to the US EPA's current Risk Assessment Guidance for Superfund (RAGS) guidance series (74). The methodology has been adopted globally and underlies major US environmental criteria such as the Safe Drinking Water Act and the Clean Water Act.
The use of these small risks in making hazardous site environmental decisions has become entrenched and is unlikely to change any time soon. However, alternative approaches can apply to API and may likely be necessary in order to manage costs. The tolerable level of risk is a matter of future public policy and debate; however, tiny hypothetical increases in risk may not provide suitable basis for regulation.
Future Approaches
Screening tools can provide an important initial step in API evaluation. The US EPA ToxCast research program is evaluating high-throughput screening (HTS) to prioritize chemicals for further study (75) . The program is estimating exposure to a subset of the estimated 10,000 chemicals in commerce, including not only industrial chemicals and pesticides but also consumer product ingredients and pharmaceuticals. While this type of tool will not provide information to develop compound-specific guidance values, HTS may be of use in creating subsets of API that are candidates for further study.
Clinical data may provide some basis for identifying biological thresholds that are more realistic, or at least measurable. Use of pharmaceutical preclinical and clinical information has been identified as a priority in the arena of PPCP research (69) . This type of approach will be limited to pharmaceuticals and is unlikely to provide useful data for thousands of consumer product-related chemicals. Caution must be used in extrapolating data from a population requiring a medication to the general population, and in particular sensitive individuals.
More nuanced and chemical specific approaches to developing UFs may be based on metabolic factors. Pathway-related UFs (considering processes such as conjugation, hydrolysis, and cytochrome P450) have been proposed and may allow metabolism to be integrated into health-based guidance value development (76) . These approaches would require greater agency investment in the development of guidelines, but might produce guidelines that more closely reflect actual risks in human populations.
A number of studies globally have characterized API in environmental media and wastewater, as well as persistence and amenability to treatment (3, 12, 29, 50, 77) . Ultimately, management will need to focus on the compounds of both greatest prevalence and health concern. It will not be practical to assess or regulate large numbers of substances; rather, a subset of sentinel API compounds will ultimately need to be identified. For example, Khan and Nicell (77) have evaluated API based on a range of parameters. Initial selection included among other things consideration of dispensing practices, presence in Canadian surface water and finished drinking water supplies, and prioritization or study reported in other countries. Further evaluations considered measured and predicted environmental loading (using seven source terms) and toxicity, expressed as an ADI. ADIs were developed using a variety of approaches based on the type of compound. This screening process ultimately reduced the initial list of compounds by 96%, to a manageable subset of 14 recommended for further study.
Identifying selected compounds in this way will make the evaluation and development of guidance values feasible even where a variety of toxicity approaches need to be applied.
CONCLUSION
Several methods are currently in use for identifying human health toxicity values for API. The application of three common approaches to example compounds illustrates the challenges that each of these methods poses. In developing strategies to establish toxicity values for multiple substances, a combination of approaches may be needed. Rather, following the use of screening methods to identify key target API compounds, an individualized approach will need to be applied to each target API.
While a tailored approach introduces complexity to the assessment process, it is most likely to provide input to make sound long-term risk management decisions on API in the environment.
